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Abstract 

The nanoprecipitation of hydrogel nanoparticles by complex coacervation is investigated 

through a systematic study of the popular chitosan-polyphosphate pair of polyelectrolytes with 

opposite charges at pH 4. Polyphosphates of varying molar masses and electrical charges are 

investigated as alternatives to the commonly used tripolyphosphate, so as to assess the influence 

of the strength of electrostatic interactions on the fabrication possibility, the size of hydrogel 

particles, and their overall charge. Sodium hexametaphosphate and sodium polyphosphate 

allow the manufacture of such nanoparticles with either a positive or a negative charge, 

depending on the chitosan/polyphosphate ratio and the order of mixing. The classical way of 

mixing by pouring the polyphosphate solution into the chitosan solution yields microparticles. 

Inverting the order of mixing by pouring the chitosan solution into the polyphosphate solution 

allows the precipitation of negatively charged nanoparticles with diameters in the range 100–

200 nm. Such charge inversion of the chitosan into negative is not possible with the common 

TPP. It was achieved using sodium hexametaphosphate and sodium polyphosphate having a 

larger negative charge. Charge inversion of chitosan allows an efficient encapsulation of 

positively charged proteins with an improved encapsulation efficiency than in the usual TPP-

based coacervate. The encapsulation of the bovine serum albumin at pH 4 is given as a case 

study of a positively charged protein. 
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1. Introduction 

Encapsulation inside polymer particles is a way to protect active pharmaceutical ingredients 

(API) against their degradation and/or to control their release. Hydrophilic API like proteins 

are usually encapsulated in porous polymer particles prepared from double emulsions or 

hydrogel particles made of cross-linked water-soluble polymers. Biocompatible and 

biodegradable polymers are used to this end. Chitosan is a carbohydrate polymer that presents 

such characteristics. In addition, chitosan itself shows interesting properties in the framework 

of drug delivery such as antimicrobial and mucoadhesive activities. Particles of cross-linked 

chitosan are most often prepared by either chemical cross-linking inside the water droplets of a 

w/o emulsion or by coacervation methods. Coacervation is preferred because of its simpler 

implementation and the absence of organic solvents that elimination may be difficult. Chemical 

cross-linking involves harmful reagents that also may react with the active substances. Both 

these features are important for going to practical applications [1–6]. 

Ionotropic gelation is a very efficient type of coacervation allowing the preparation of 

chitosan particles. It involves electrostatic interactions between positively charged primary 

amino groups of chitosan and negatively charged polyanions acting as cross-linking agents. 

This physical process is reversible, which prevents not only the toxicity to the organism, but 

also the drugs damage [7–9]. 

Many of the medical and pharmaceutical applications of chitosan rely on its positive charge. 

The use of chitosan nano- and microparticles in gene therapy is an example since the negatively 

charged genetic materials electrostatically bind with the chitosan, allowing their encapsulation. 

However, the encapsulation efficiency of positively charged materials in these particles is low 

because electrostatic repulsions prevent binding. This is the case of the widely studied bovine 

serum albumin (BSA) at pH below its isoelectric point where it is positively charged [10]. 

Positively charged materials strongly interact with serum components, causing their rapid 

clearance from circulation after parenteral administration [11]. It is useful to encapsulate them 

into negatively charged (nano)particles in order to remedy this issue. To overcome these 

limitations, chemical modifications of chitosan or particles coating are frequently used [12–17]. 

The present paper reports a simpler method by complex coacervation. 

So far, stable negatively charged chitosan/polyanion particles were not reported in the 

literature. We are presenting an unprecedented way of obtaining negatively charged nano- and 

microparticles of chitosan/polyanions that allows increasing the encapsulation efficiency of 

positively charged proteins. Such mild method relying on simple mixing prevents any structural 

alteration of chitosan and avoids the implementation of an extra step of particle coating or 

chemical modification. This is achieved by a modification of the classic ionotropic gelation 

technique. 

The most popular ionotropic gelation system is made of mixed chitosan/tripolyphosphate 

(Ch/TPP) [1–7,9,14–16,18–28]. Owing to the high dissymmetry of molar masses and electrical 

charges of chitosan and TPP, the charge of hydrogel nanoparticles is set by the polyelectrolyte 

of highest molar mass and charge, namely the positively charged chitosan. It is hypothesized 

that increasing the molar mass and charge of the polyphosphate counterpart may allow the 

manufacture of both positively and negatively charged hydrogel nanoparticles, thereby opening 

possible encapsulation of proteins of both charges with high encapsulation efficiency. 

Therefore, the complex coacervation of chitosan with several polyphosphates was investigated 

with the aim of reversing the charge of chitosan during nanoparticles precipitation. The 
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polyphosphates having different numbers of phosphate groups and negative charges were 

orthophosphate (P), pyrophosphate (Py), tripolyphosphate (TPP), hexametaphosphate, (HMP) 

polyphosphate (PP) and phytic acid (PA) (Figure 1). 

 

 
Figure 1. Chemical structure of the six polyphosphates studied for the complex coacervation with chitosan. The 

polymerization degree of the compound named “polyphosphate” is not known; it is given here with an arbitrary 

value of 6. The given ionic form of the polyphosphates is that pertaining to pH 4 at which coacervation experiments 

were performed. 

 

2. Material and Methods 

2.1. Materials 

Chitosan (Ch) of low-viscosity grade from shrimp shells (CAS 9012-76-4) was purchased 

from Sigma-Aldrich. Its degree of acetylation was DA = 20 % as determined from its 1H NMR 

spectrum in D2O/DCl solution given in the Supplementary Material file [29–31]. Its number-

average and mass-average molar masses determined by SEC analysis were MN = 

9.95 104 g∙mol−1 and MW = 2.60 105 g∙mol−1 (see the Supplementary Material file). Di-sodium 

hydrogen orthophosphate dodecahydrate (CAS 7558-79-4), sodium pyrophosphate tetrabasic 

decahydrate (CAS 13472-36-1), sodium triphosphate pentabasic (CAS 7758-29-4), sodium 

hexametaphosphate (CAS 68915-31-1), sodium polyphosphate (CAS 10361-03-2), phytic acid 

sodium salt hydrate (CAS 14306-25-3) were purchased from Sigma-Aldrich. Their chemical 

analyses by 31P NMR in 1 M HEPES buffer at pH 5.5 and by MP-AES are reported in the 

Supplementary Material file. Bovine serum albumin (BSA, CAS 9048-46-8) and Bradford dye 

reagent (CAS 7664-38-2) were purchased from Thermo Fisher Scientific. Analytical grade 

chemicals and ultrapure water of 18 M∙cm resistivity were used in all experiments. 

 

2.2. Preparation of chitosan/polyphosphate complex coacervate particles 

All preparations were done at the room temperature regulated at 20 °C. Chitosan nano- and 

microparticles were obtained using a modified ionic gelation technique [18,19]. Sodium 

pyrophosphate tetrabasic decahydrate, sodium triphosphate pentabasic, sodium polyphosphate, 

sodium hexametaphosphate and phytic acid sodium salt hydrate were used as anions. Several 

masses: 20 mg, 30 mg, 40 mg, 50 mg, 100 mg and 500 mg were dissolved in 20 mL of water 

and their pH was adjusted at 4 by addition of sodium hydroxide. A 1 g∙L−1 aqueous solution of 

chitosan at pH 4 was prepared; the pH was adjusted by addition of acetic acid. All the 
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polyphosphate solutions (20 mL at pH 4) were mixed with 50 mL of chitosan solution by either 

pouring the anionic polyphosphate solution into the cationic chitosan solution or the cationic 

chitosan solution into the anionic polyphosphate solution. The solutions were added into the 

other solution stirred with a magnetic bar at a speed of 500 rpm using a 50 mL glass syringe of 

2 mm opening diameter setting a flow rate of 3 mL∙s−1. The samples immediately turned cloudy 

as mixing was operating. 

 

2.3. Preparation of BSA-loaded particles 

BSA-loaded particles were prepared using two formulations selected out of the 60 assays 

listed in section 2.2. 1 mg of BSA was added to the chitosan solution (5 mg in 5 mL of ultrapure 

water at pH 4) and mixed into the polyanion solution (10 mg in 2 mL of ultrapure water at pH 

4) in the same way as for the preparation of blank particles. 

 

2.4. Characterization of chitosan nano- and microparticles 

2.4.1. Turbidity, zeta potential (ζ) and particle size measurements 

The turbidity of suspensions was measured using a Mettler-Toledo UV5 UV-vis 

spectrophotometer. The absorbance Abs measured in quartz cells of l = 1 cm optical path was 

converted into the turbidity  = ln(10) Abs/l. Electrophoretic mobility of all formulations in 

10 mM NaCl was determined using a Zetasizer Nano ZS instrument (Malvern Panalytical). The 

samples were contained in DTS1070 U-shaped cuvettes equipped with electrodes. The ζ 

potential was calculated using the Smoluchowski equation. Size distribution of nanoparticles 

was measured by dynamic light scattering (DLS) using a Zetasizer Nano ZS instrument 

(Malvern Panalytical). The suspensions were diluted with water by a factor of 10, such that the 

measurements did not depend on the dilution factor. The size distribution given by the CONTIN 

analysis of the autocorrelation function showed a single population of sizes in cases where the 

mean diameter was smaller than 1 µm. In such cases, the z-average diameter was calculated 

from the experimental autocorrelation function by the method of cumulants. In cases of larger 

particle sizes, size measurements were performed by low-angle laser light scattering (LALLS) 

using a Mastersizer 3000 instrument (Malvern Panalytical). The samples were diluted in the 

circulating loop of the instrument such that the obscuration reached values between 2% and 

5%. The refractive index of the particles was close to that of water because of their extensive 

swelling, so that the measured size distribution did not depend on the exact value of the 

refractive index. It has been checked that this approximation was valid by performing a series 

of measurements where the refractive index of particles was varying from 1.335 to 1.37. A 

refractive index of 1.35 was taken in all measurements. All measurements were performed in 

triplicate by three different samplings taken in the same batch, and the error bars were the sem 

calculated from the three mean sizes. 

 

2.4.2. Transmission electron microscopy (TEM) 

TEM observations were done at the “Centre Technologique des Microstructures” of the 

University of Lyon 1 (CTµ, http://microscopies.univ-lyon1.fr/) using a Jeol 1400 Flash electron 

microscope. The aqueous suspensions were diluted by 1/100 and a drop of 5 µL was deposited 

on a formvar/carbon grid for drying. TEM observations were done under 120 kV acceleration 

at several magnifications. 

 

http://microscopies.univ-lyon1.fr/


5 
 

2.4.3. Determination of the Encapsulation Efficiency of BSA 

The encapsulation efficiency (EE) of BSA was determined by measurements of the amounts 

of encapsulated and free BSA by the Bradford method. The samples were centrifuged at 

170000 g RCF for 1 h at 4 oC with an ultracentrifuge Optima MAX-XP (Beckman Coulter). 

The sediment was redispersed into 100 times its volume of water for its analysis. Both the 

supernatant and redispersed sediment were mixed with the Bradford reagent and their 

absorbance was measured at 595 nm wavelength in quartz cuvettes of 10 mm optical path with 

a spectrophotometer UV5 (Mettler Toledo). BSA concentrations were calculated from the 

calibration curve of absorbance (Abs) determined for concentrations up to 16 mg∙L−1 and 

regressed to a 3rd degree polynomial as C (mg∙L−1) = 106.5 Abs3 − 16.2 Abs2 + 6.9 Abs + 0.1 

(Figure S5 in the Supplementary Material file). The EE was calculated as the ratio of the BSA 

mass in the sediment to the total mass. It has been successfully checked that the total balance 

matched the full BSA amount, showing that there was no significant loss or degradation of BSA 

during the processes. 

 

3. Results and Discussion 

3.1. Description of polyphosphates at pH 4 

The usual process of complex coacervation of chitosan with TPP consists in mixing them by 

pouring the TPP solution into the chitosan solution [20]. The amount of TPP is restricted below 

the charge stoichiometry of the mixture. Because a low amount of TPP is added, TPP is referred 

to as a cross-linking agent. Under such conditions of excess positive charge coming from the 

chitosan, only positively charged particles can be obtained. It may be expected that addition of 

more TPP would invert the charge into negative. However, when the particle charge passes 

through zero at exact charge compensation, the neutral particles aggregate because of their loss 

of electrostatic stabilization. Consequently, very large lumps of aggregates are recovered at the 

end of the process. Mixing by pouring the chitosan solution into the polyphosphate solution 

was studied as an alternative to remedy this trouble. The two ways of mixing were presently 

studied in a systematic investigation where the hydrogel nanoprecipitation, the particle size and 

zeta potential were monitored after mixing 50 mL of chitosan solution (1 g∙L−1) and 20 mL of 

polyphosphates solutions of various concentrations in the range 1 – 25 g∙L−1. After mixing, the 

concentration of chitosan was 0.71 g∙L−1 in all samples; and the range of polyphosphate 

concentrations was 0.28 – 7.14 g∙L−1. Polyphosphates of higher charge than TPP were 

investigated in order to reduce the charge dissymmetry of the pair of polyelectrolytes and closer 

approach the standard precipitation process by complex coacervation of mixed polyelectrolytes. 

The six studied polyphosphates are given as follows in order of increasing charge set by their 

number of phosphate groups: n = 1 for orthophosphate (P), n = 2 for pyrophosphate (Py), n = 3 

for tripolyphosphate (TPP), n = 6 for hexametaphosphate (HMP) and phytate (PA), and n  6 

as average value for polyphosphate (PP) (Table 1). In all experiments, the pH was set at 4 by 

addition of glacial acetic acid for chitosan was soluble in water. The electrical charge of 

polyphosphates at pH 4 might be calculated from their pKA's. Unfortunately, most of them are 

not documented. Their electrical charge at pH 4 was determined from their chemical analysis 

and the volume of acid required to set pH = 4; and they were also calculated from their pKA 

values when their values were available (see the Supplementary Material file). 
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Table 1. List of the studied polyphosphates together with their number of phosphorus atoms and negative electrical 

charge at pH 4. 

Type of sodium 

polyphosphate 

Number of 

phosphorus atoms 

Charge at pH 4 

from titration 

Charge at pH 4 

calculated from pKA's 

Orthophosphate (P) n = 1 −0.97 −0.99 

Pyrophosphate (Py) n = 2 −1.94 −1.99 

Tripolyphosphate (TPP) n = 3 −3.03 −2.98 

Hexametaphosphate (HMP) n = 6 −5.0 – 

Polyphosphate (PP) n  6 −5.0 – 

Phytate (PA) n = 6 −6.04 −6.01 

 

3.2. Precipitation by complex coacervation 

Complex coacervation of chitosan was not possible with sodium orthophosphate at pH 4. 

This was quite an expected result because the charge of sodium orthophosphate is −1 under its 

dihydrogen phosphate form NaH2PO4. Any binding of this monovalent anion to chitosan only 

results in a simple monovalent anion exchange of dihydrogen phosphate for acetate. This cannot 

cause electrostatic cross-linking. Complex coacervation was observed with all other 

polyphosphates of higher negative charge, whatever the way the chitosan and polyphosphate 

were mixed. Samples turned cloudy very fast upon mixing because of the precipitation of 

particles of complex coacervate. In some cases, the samples remained homogeneous, indicating 

that particles were small enough for neither sedimentation nor creaming occurred. 

Alternatively, large lumps of coacervate settled in the liquid medium. The order of mixing 

chitosan and polyphosphates had a strong influence on the particle size, especially in the cases 

of PP and HMP. This was clearly revealed by the low turbidity of suspensions prepared by 

pouring Ch into PP (or HMP), contrasting with the strong cloudy aspect obtained when pouring 

PP (or HMP) into Ch (Figure 2). These observations were suggesting the formation of smaller 

particles upon pouring Ch into polyphosphate. Sedimentation took place within a few hours for 

samples where PP (or HMP) was poured into Ch. Gentle hand shaking easily redispersed the 

sediment. On the contrary, sedimentation did not occur when Ch was poured into PP (or HMP). 

The visual aspect stayed the same for long times, showing the colloidal stability of the 

suspensions. 

 

 
Figure 2. Aqueous suspensions of coacervate particles of chitosan (0.714 g∙L−1) and excess of HMP or PP 

(1.4 g∙L−1) obtained by mixing either polyphosphates into Ch or Ch into polyphosphates. 
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The visual observations were confirmed by turbidity measurements showing a much higher 

turbidity when HMP (or PP) was poured into chitosan (Figure 3). For instance, the turbidity at 

600 nm wavelength was about 3–4 times larger for HMP (or PP) poured into Ch ( = 0.538 cm−1 

for HMP and  = 0.471 cm−1 for PP) than for the reverse mixing order ( = 0.193 cm−1 for HMP 

and  = 0.122 cm−1 for PP). 

 

 
Figure 3. Turbidity of aqueous suspensions of coacervate particles of chitosan (0.714 g∙L−1) and excess of HMP 

or PP (1.4 g∙L−1) obtained by mixing either polyphosphates into Ch or Ch into polyphosphates. 

 

The mean particle sizes and ζ potentials obtained for all formulations are shown in Figures 4–

8. As expected, all ζ potentials decreased upon addition of polyphosphates. One exception is 

Ch/Py at low Py concentration. The ζ potentials of all mixed Ch/polyphosphates suspensions 

did not depend of the way the two components have been mixed. Such overall feature of the 

data suggests that the chemical composition of the particles was the same, whatever the mixing 

process. This may appear surprising because the compositional paths followed by mixing either 

polyphosphates into Ch or Ch into polyphosphates are different. The composition is rich in Ch 

at the beginning of pouring polyphosphates into Ch. At the opposite, it is rich in polyphosphates 

upon reversing the order of mixing. The final overall compositions of the coacervate particles 

were the same at the end of mixing. It seems that the chemical composition of the particles 

turned homogeneous during the course of the mixing process, although they were very different 

at the beginning. In the framework of the nucleation and growth mechanism of precipitation, 

particles of different compositions have been nucleated and their subsequent growth 

homogenized their composition. 

Conversely, the size of the precipitated particles did change according to the way of mixing 

in some instances. Such dependence of particle size showed that irreversible phenomena of 

different natures occurred during the two mixing processes. 

All particles obtained with Ch/Py had sizes in the colloidal range (less than 1 μm) and 

presented positive zeta potential values between 9 ± 1 mV and 28.4 ± 0.4 mV. The same size 

distribution and zeta potential patterns were observed for both mixing orders (Figure 4). The 

charge did not reverse to negative values, though the theoretical charge stoichiometry of Ch 
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was reached at a Py concentration of 1.2 g∙L−1. This meant that only part of the Py bound to Ch. 

The increase of ζ potential with respect to low Py concentration (Figure 4) is counter-intuitive. 

Only these particular samples showed such paradoxical behavior. The size of nanoparticles 

decreased with respect to the Py concentration. Indeed, a higher Py concentration causes a faster 

nucleation of particles, yielding a smaller size at the end of the mixing process. 

 

 
Figure 4. Behavior of mixed chitosan (Ch) and pyrophosphate (Py). z-average hydrodynamic diameter measured 

by DLS and ζ potential for particles obtained by mixing Py into Ch (blue) and Ch into Py (red). 

 

Similarly, Ch/TPP particles showed the same behavior for both mixing orders (Figure 5), 

and only positive values of ζ potential between 3.5 ± 0.3 mV and 20.3 ± 1.4 mV were 

measured. These values of ζ potential were in accordance with the literature reports [27]. Stable 

Ch/TPP particles of negative charge could not be obtained. The lowest value of ζ potential 

reported in the literature was for Ch/TPP particles precipitated from a mixture of 1/8 mass ratio 

[25]; the slightly negative value of the ζ potential (−2.10 ± 7.45 mV) was not significantly 

different of zero. Negatively charged Ch/TPP particles reported in the literature could only be 

obtained after subsequent coating with a supplementary layer of negative polyelectrolyte such 

as pectin [32], alginate [33], or poly(acrylic acid) [11]. The present particles were of large sizes 

(average diameters between 60 and 80 μm), much higher than those reported in the literature 

for particles of the same composition [3,16]. As for Py, the lack of charge reversal upon passing 

the theoretical charge stoichiometry (0.75 g∙L−1) showed that only part of TPP bound to Ch 

during the coacervation and precipitation. Reinforced binding of polyanions to Ch could be 

achieved by Motiei et al. [34] upon associating TPP and dextran sulfate that is a negatively 

charged polyelectrolyte of high molar mass. Small nanoparticles were obtained at low TPP 

concentration (Figure 5). At variance with the behavior of Py, very large particles were formed 

at TPP concentrations larger than 0.4 g∙L−1. As TPP concentration was increased, the charge of 

particles was lower and the residual TPP concentration in the aqueous phase increased. Both 

phenomena caused weakening of electrostatic repulsions between particles and their 

destabilization. The large size of particles resulted from the flocculation of small nanoparticles 

because of their poor electrostatic stabilization. 
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Figure 5. Behavior of mixed chitosan (Ch) and tripolyphosphate (TPP). z-average hydrodynamic diameter 

measured by DLS and ζ potential for particles obtained by mixing TPP into Ch (blue) and Ch into TPP (red). 

 

The behavior of hexametaphosphate and polyphosphate (Figures 6 and 7) was quite different 

of the two previous ones. Indeed, the ζ potential turned from positive to negative values as the 

concentrations of HMP or PP were increased. Such charge reversal occurred at a concentration 

of HMP or PP of 0.40 g∙L−1 that corresponded to a concentration of negative charge C− = 3.9 

10−3 mol∙L−1 for HMP and C− = 3.8 10−3 mol∙L−1 for PP. Owing to the mass concentration of 

chitosan [Ch] = 0.714 g∙L−1, its acetylation degree DA = 20%, and the average molar mass of 

the Ch repeat unit Mmol = 169.57 g∙mol−1, the concentration of positive charges coming from 

Ch is 

𝐶+ =
(1−𝐷𝐴)×[Ch]

𝑀mol
=

0.8×0.714

169.57
 = 3.37 10−3 mol∙L−1 

The concentrations C+ and C− were close each other, which indicated that the full HMP or PP 

bound to Ch and caused precipitation of the complex coacervate. Charge reversal occurred 

whatever the way of mixing. Stable nanoparticles with ζ potential values of −23.7 ± 1 mV for 

HMP and −29.4 ± 2 mV for PP were obtained. Sang et al. [3] investigated the precipitation by 

complex coacervation (that they called "cross-linking") of chitosan by mixing with several 

types of polyphosphates. They restricted their study to mixing by pouring polyphosphates 

solutions into the Ch solution and amounts of polyphosphates were below the charge 

stoichiometry in all cases, so that they did not report any negative ζ potential values, even for 

the Ch/HMP particles. Situ et al. [2] reported negative ζ potentials with TPP (but not with 

HMP). The degree of acetylation of their chitosan was not mentioned, so that this is difficult to 

figure out the reason why their results were different of ours. Assuming that their acetylation 

degree was the same as ours (DA = 20%), their amounts of TPP were below the charge 

stoichiometry. Their experimental results are at variance with ours, and they are quite surprising 

owing to the TPP/Ch stoichiometry lower than charge balance. The pH in their experiments 

was varying up to pH 7 where Ch is of very low solubility [35]. 
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Figure 6. Behavior of mixed chitosan (Ch) and hexametaphosphate (HMP). z-average hydrodynamic diameter 

measured by DLS and ζ potential for particles obtained by pouring HMP into Ch (blue) and Ch into HMP (red). 

 

 
Figure 7. Behavior of mixed chitosan (Ch) and polyphosphate (PP). z-average hydrodynamic diameter measured 

by DLS and ζ potential for particles obtained by pouring PP into Ch (blue) and Ch into PP (red). 

 

Another prominent feature was the different size of particles depending on the way of 

mixing. Microparticles with sizes in the order of 20 to 80 μm were obtained upon pouring HMP 

solution into Ch solution, whereas nanoparticles of approximately 120 nm were obtained by 

pouring Ch into HMP (Figure 6). The same trends were also observed in the case of Ch/PP 

precipitation (Figure 7). 

These results may be due to the fact that there is no charge inversion when the positive Ch 

was added into the solution of negative HMP or PP and the addition was stopped before the 

concentration of charge reversal was reached. On the contrary, addition of the negative HMP 

or PP into the positive Ch so as to reach a final negative charge of the polyelectrolyte association 

necessarily caused a charge reversal by crossing through a transitory state of zero charge where 

the suspension of particles was not stable. Coagulation and coalescence caused the irreversible 

formation of large microparticles. 
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Charge reversal was also possible with phytate that had the same molecular charge as HMP 

and PP (Figure 8). It occurred around a PA concentration of 0.6 g∙L−1, which was higher than 

the theoretical charge stoichiometry (0.445 g∙L−1). Large microparticles of 300 µm diameter 

precipitated upon pouring PA solution into Ch, excepted at low concentrations of PA 

(nanoparticles of 150 nm diameter were formed). Changing the mixing order also resulted in 

the precipitation of large microparticles of size in the range 60 – 170 μm (Figure 8). 

 

 
Figure 8. Behavior of mixed chitosan (Ch) and phytate (PA). z-average hydrodynamic diameter measured by DLS 

and ζ potential for particles obtained by pouring PA into Ch (blue) and Ch into PA (red). 

 

As a whole, charge reversal could be achieved by pouring Ch into the polyphosphate solution 

when the charge of polyphosphates was at least −5. The smallest polyphosphates of the series 

failed at reversing the charge of Ch because they had low negative charges of −1 (P), −2 (Py) 

and −3 (TPP). HMP and PP of charge −5 allowed successful charge reversal of Ch. Negatively 

charged nanoparticles could be precipitated by pouring a Ch solution into HMP or PP solution. 

The large differences of particle size depending of the order of mixing were confirmed by 

TEM observations made for HMP/Ch and PP/Ch coacervate particles precipitated with an 

excess of HMP (or PP) with respect to the charge stoichiometry and according to the two mixing 

orders. The suspensions were diluted with pure water by 1/100 and a drop of 5 µL was dried on 

the TEM grid. Drying the samples during the sampling process caused aggregation of a part of 

the particles. Indeed, the pictures showed free particles together with aggregates of them. It is 

not possible to know whether aggregates were already present in the suspension or were formed 

during drying. The small sizes measured by DLS indicated that there was no aggregation in the 

suspensions. The pictures showed particles that underwent degradation under the electron 

beam. This phenomenon described in the Supplementary Material file (Figure S6) induced a 

bias in observations when the samples were left under the beam for the rather long time required 

for adjusting the focus of the images. Fast focusing the images allowed the observation of 

particles with minor degradation. 

The pictures of particles precipitated by pouring Ch into HMP showed very small particles 

together with aggregates of small particles probably formed during drying (Figure 9A). The 

same picture at higher magnification showed particles with a blurred contour and a mean size 
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of 50–70 nm (Figure 9B). The burred feature of particles did not come from a deficient focus, 

the particles had an actual diffuse surface upon drying because they were extensively swollen 

by water in their aqueous suspension. Denser particles with sharper edges and size of the order 

of 100 nm were observed in other parts of the grid (Figure 9C and D). Two different types of 

particles were coexisting, which indicated two different precipitation phenomena occurring 

during the precipitation process. Indeed, precipitation took place very fast as the addition of the 

Ch solution into the HMP solution was beginning because the concentration of HMP was high. 

Conversely, precipitation was slower at the end of mixing into the HMP solution that had a 

lower concentration because part of the HMP has precipitated. It is not possible to cause the 

formation of particles with a narrow size distribution when precipitation and mixing operate at 

the same rate. The mean size inferred from TEM was significantly smaller than measured by 

DLS (120 nm), confirming that the particles were swollen with water. The ratio of those mean 

sizes allowed an estimate of the swelling ratio (volume fraction of water inside particles) as 

𝜙𝑉(water) = 1 − [
𝐷𝑖𝑎𝑚(TEM)

𝐷𝑖𝑎𝑚(DLS)
]

3

≈ 0.7 ± 0.2 

The same type of observations were made for particles precipitated by pouring Ch into PP 

(Figure 9E and F). Pictures of particles precipitated by pouring HMP (or PP) into Ch showed 

very large particles coexisting with rather small ones. TEM did not allow imaging the largest 

ones. Figure 9G and H shows the smallest particles that were dense and spherical. 

 

 
Figure 9. TEM pictures of particles precipitated by pouring Ch into HMP (A–D), Ch into PP (E, F), HMP into 

CH (G), and PP into Ch (H). See the text for more detailed descriptions. 

 

Finally, the sodium salt of phytic acid allowed charge reversal because of its high negative 

charge (−6); but the particles were of very large size. Charge reversal required an excess of PA 

with respect to the charge stoichiometry, which meant that part of PA remained in solution in 

the aqueous phase. The presence of such hexavalent anions in the aqueous phase has a 

detrimental effect on the colloidal stability of particles. Thus, nanoparticles of Ch/PA possibly 
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formed by complex coacervation; but they aggregated into large particles because of their poor 

colloidal stability. Indeed, it is known from the DLVO theory that multivalent counterions 

efficiently cause the destabilization of colloidal suspensions. The Schulze–Hardy rule teaches 

that the colloidal stability decreases at the 6th power of the counterion valence [36]. As 66 = 

4.7104, the presence of residual PA in the aqueous phase had a huge effect on colloidal 

stability, even though its concentration might be low. 

 

3.3. Encapsulation of the BSA protein 

The two systems where charge inversion into negative was successful (Ch into HMP or PP) 

were selected for the encapsulation of BSA taken as a model case. The isoelectric point of BSA 

is at pH 4.7–5.0 [37,38], so that BSA is in its cationic form at pH 4. BSA is a globular protein 

at pH 4; its expansion in acidic medium occurs below pH 3.5 [39,40]. The particles obtained 

by pouring the Ch into HMP or PP solution showed a diameter and zeta potential of 123 nm 

and −21.5 mV or 162 nm and −29 mV, respectively. These nanoparticles loaded with BSA 

maintained the same size and ζ potential as their blank counterpart. This meant that the BSA 

charge was compensated by part of the HMP or PP. The amount of BSA was 1 mg against 5 mg 

of chitosan in 5 mL of water, which was approximately equivalent to increasing the chitosan 

concentration by 20%. Such small variation of the overall concentration of cationic species did 

not change the characteristics of the particles. The encapsulation efficiency was evaluated by 

measurements of BSA contents in the aqueous phase and inside the nanoparticles. 0.5 % of 

BSA was found in the supernatant of the Ch/HMP nanoparticles, while 85.7 % of BSA was 

recovered in the precipitate. For Ch/PP nanoparticles, the partition of BSA was 2.5 % in the 

aqueous phase and 92.9 % in the precipitate. The present encapsulation efficiency was much 

higher than reported in the literature for positively charged chitosan particles. As an example, 

Rampino et al. reported an EE in the range 40–60% for the Ch/TPP particles [24]. The same 

authors reported a variation of the zeta potential because they added BSA to a suspension of 

blank particles (after their preparation), whereas BSA was added together with Ch and co-

precipitated by HMP or PP in the present case. The control of the pH over the whole preparation 

process is an absolute requirement for the encapsulation of fragile biomolecules such as 

proteins. The present process allows maintaining a constant pH value of 4 over the whole 

process while inverting the charge of chitosan. Complex encapsulation processes involving 

several steps at various pH are risky regarding the retention of the biological activity of the 

active substance. As an example, Gomathi et al. could successfully prepare blank Ch/PP and 

Ch/HMP particles of nanometric size [41]. However, their process started in a 2% aqueous 

acetic acid solution that the pH is 2.6, the mixture was centrifuged, dried and finally 

reconstituted in PBS. Neither the pH was controlled, nor the zeta potential was measured, so 

that it is not known whether the charge of chitosan has been reversed during precipitation. 

Encapsulation requires that the active substance is present at the precipitation step where it is 

co-precipitated, so that the starting pH should be kept high enough for avoiding degradation of 

the active substance in acidic medium. Though the final pH of the reconstituted dosage form is 

that of PBS, the process reported by Gomathi et al. is only useful for active substances that can 

sustain acidic media. 
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4. Conclusions 

Hydrogel nanoparticles of negatively charged chitosan/hexametaphosphate (Ch/HMP) and 

chitosan/polyphosphate (Ch/PP) complex coacervate were prepared at pH 4 by simply mixing 

the aqueous solutions of the two partners. Such a mild preparation method allowed an efficient 

encapsulation of BSA, a positively charged protein used as a model active substance. 

The manufacture of negatively charged particles required the charge reversal of chitosan by 

binding an excess negative charge coming from polyphosphates. Such charge reversal could be 

achieved by using highly charged HMP (charge −5 at pH 4) or PP, and switching the order of 

mixing from the usual addition of polyphosphate solution into the chitosan solution to the 

inverse order. Up to now, charge reversal could not be achieved because most studies were 

restricted to the use of tripolyphosphate (TPP) of charge −3 and only the order of mixing 

polyphosphate into chitosan was considered. Indeed, most studies reported in the literature so 

far refer to TPP used as a "cross-linking agent", which means that a small amount of TPP was 

added with respect to the charge stoichiometry and TPP was added into chitosan. This process 

was called "ionotropic gelation", suggesting that the amount of added cross-linking agent was 

restricted to that required to cause gelation. "Complex coacervation" would be a better 

terminology for the present process. 

The mixing order of the solutions in the complex coacervation technique significantly 

changes the course of precipitation, making it possible to obtain nano- or microparticles of 

either negative or positive charge at pH 4 where chitosan is soluble in water. 

Charge inversion of chitosan allows the encapsulation of positively charged proteins with an 

improved encapsulation efficiency (90%) than in the usual TPP-based coacervate (less than 

60% in the literature). The encapsulation of the bovine serum albumin at pH 4 is given as a case 

study of a positively charged protein. 
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1. Characterization of Chitosan 

1.1. Degree of acetylation 

The 1H NMR spectrum of chitosan was recorded with a Bruker AV400 spectrometer in solution 

into D2O/DCl (2 mg chitosan and 20 µL DCl 10 M in 1 mL D2O) solution at 70 °C according 

to [1–3]. Heating at 70 °C was necessary for shifting the line of HDO upfield to lower than 

4.5 ppm such that the line of H1 protons correctly appeared at 4.91 ppm. The degree of 

acetylation of chitosan was determined from the integrals of the N-acetyl line at 2.07 ppm with 

respect to that of protons H1 (4.91 ppm), H2 (3.23 ppm) and H3-6 (3.5–4.1 ppm). The 

acetylation degree was DA = 20 %. Accordingly, the molar mass of the mean repeat unit is: 

𝑀mol = 𝐷𝐴 ×𝑀mol(acetylglucosamine) + (1 − 𝐷𝐴) × 𝑀mol(glucosamine), 

Mmol = 0.2203.19 + 0.8161.16 = 169.57 g∙mol−1. 

 
Figure S1. 1H NMR spectra of chitosan in D2O/DCl solution at 20, 40 and 70 °C. 

 

1.2. Molar mass 

The molar mass of chitosan was determined by SEC analysis in acetate buffer pH 4.8 using a 

Wyatt instrument equipped with TSK6000 and TSK2500 columns and with refractive index, 

multi-angle light scattering (MALS) and dynamic light scattering detectors (Figure S2). The 

refractive index detection allowed the determination of the specific refractive index increment 

dn/dC = 0.1840 mL∙g−1. The number-average and mass-average molar masses of chitosan were 
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determined from the Zimm plot of MALS as MN = 9.95 104 g∙mol−1 and MW = 2.60 105 g∙mol−1 

(polydispersity index MW/MN = 2.6). 

 

 
Figure S2. Traces of the detectors of the SEC analysis of chitosan (LS = Light Scattering, dRI = differential 

Refractive Index, QELS = Quasi-Elastic Light Scattering or Dynamic Light Scattering). 

 

2. Characterization and electrical charge of polyphosphates 

2.1. Chemical analysis 

The six studied polyphosphates are characterized by their different numbers of phosphate 

groups: n = 1 for orthophosphate, n = 2 for pyrophosphate, n = 3 for tripolyphosphate, n = 6 for 

hexametaphosphate and phytate, and n > 6 for polyphosphate. Some of them are not pure 

compounds however. 31P NMR spectra of polyphosphates solutions in D2O were collected 

using a Bruker AV400 spectrometer under broadband proton decoupling. Chemical shifts were 

referred to H3PO4 85 %. The spectra of orthophosphate and pyrophosphate showed a single 

peak in agreement with expectations for pure compounds (Figure S3). Tripolyphosphate, that 

actually is the linear triphosphate, showed two peaks corresponding to the expected central (a 

triplet at −21.92 ppm, 2JPOP = 21 Hz) and external (a doublet at −7.96 ppm, 2JPOP = 21 Hz) 

phosphate groups; and it contained a small fraction (5 mol%) of orthophosphate as revealed by 

a peak at 1.32 ppm. 

 
Figure S3. 31P NMR spectra of orthophosphate, pyrophosphate and tripolyphosphate. 
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The spectra of hexametaphosphate and polyphosphate were rather similar (Figure S4). The 

expected spectrum of hexametaphosphate should show a single peak because all phosphorus 

atoms are equivalent in the cyclic structure of hexametaphosphate. Indeed, the spectrum showed 

an intense resonance at −21.7 ppm. A supplementary peak at −8.25 ppm indicated the presence 

of pyrophosphate accounting for 20 % of the phosphorus content. The spectrum of 

polyphosphate is similar because the resonances of both cyclic and linear polyphosphates with 

n > 5 appear between −20.5 ppm and −23.0 ppm. Linear polyphosphates can be distinguished 

by the peak of the chain ends at −10 ppm. Indeed, the spectrum of polyphosphate showed such 

a latter characteristic peak. The polyphosphate may contain a few cyclic polyphosphates 

together with the main mixed linear polyphosphates. It also contains a small amount of 

orthophosphate. The spectrum of hexametaphosphate also showed a small peak at −10 ppm that 

indicated the presence of a small part of linear polyphosphate together with the main cyclic 

hexametaphosphate. 

 
Figure S4. 31P NMR spectra of hexametaphosphate and polyphosphate. 

 

All polyphosphates, as delivered by the supplier, were partly under their sodium salt form. Their 

degree of neutralization was not specified. Elemental analysis of sodium and phosphorus in 

solutions of polyphosphates at 1000, 2000, 3000 and 5000 ppm concentration were performed 

by MP-AES with a Agilent 4200 MP-AES instrument. Calibration was done with solutions of 

disodium hydrogen orthophosphate in 1 M HCl solution. Samples were hydrolyzed in 1 M HCl 

solution at 50 °C for 24 h in order to convert polyphosphates into the same orthophosphate 

species as for the calibration. Detection used the strong emission lines of sodium at 330.327 nm 

and 568.820 nm and those of phosphorus at 213.618 nm, 214.915 nm and 253.560 nm. 

According to these analyses, the pyrophosphate, tripolyphosphate and hexametaphosphate were 

indeed under their fully neutralized form Na4P2O7, Na5P3O10 and Na6P6O18. The polyphosphate 

analysis corresponded to NanH2PnO3n+1 instead of Nan+2PnO3n+1 for the fully neutralized form 

of linear polyphosphate. This meant that the two phosphate groups at chain ends were under 

their OPO3HNa form. Finally, phytate was under the form Na6C6H12P6O24 or (CHOPO3HNa)6, 

which corresponded to half neutralization of all phosphate monoester groups. 

 

2.2. Electrical charge at pH 4 

The pH was set at 4 in all experiments by addition of acetic acid. This was required for ensuring 

that chitosan is soluble in water. The electrical charge of polyphosphates at pH 4 might have 
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been calculated from their pKA's. Unfortunately, several pKA values are not documented; the 

situation is especially difficult for polyphosphate that is a mixture of several oligomeric 

polyphosphates. Furthermore, published data taken from different sources appear contradictory. 

As example, several fairly different sets of values have been reported for the 12 pKA values of 

phytic acid (Table S1) [4–6]. 

The electrical charge of all compounds at pH 4 was determined from their chemical analysis 

and the volume of acid required to set pH = 4. The chemical analysis of supplied compounds 

by MP-AES taught their degree of neutralization, and the volume of HCl 1 M required to shift 

the pH down to 4 gave the amount of charge removal by acidification. Electrical charges were 

also calculated from the pKA's in cases where full sets of values were available. 

 

Table S1. List of the studied polyphosphates together with their number of phosphorus atoms, pKA's and their 

negative electrical charge at pH 4. 

Type of sodium 

polyphosphate 

Number of 

phosphorus 

atoms 

pKA's ref 

Charge at pH 4 

calculated 
inferred from 

titration 

Orthophosphate n = 1 2.148; 7.198; 12.319 [7] −0.99 −0.97 

Pyrophosphate n = 2 0.91; 2.10; 6.70; 9.32 [8] −1.99 −1.94 

Tripolyphosphate n = 3 0; 1.1; 2.3; 6.3; 8.9 [9] −2.98 −3.03 

Hexametaphosphate n = 6 –  – −5.0 

Polyphosphate n  6 –  – −5.0 

Phytate n = 6 

1.1; 1.5 (2); 1.7; 2.1 

(2); 5.70; 6.85; 7.60; 

10.0 (2); 12.0 

[4] −6.01 −6.04 

1.59 (5); 2.62; 4.86; 

6.33; 8.28; 9.75 (3) 
[6] −6.09 −6.04 

 

3. Calibration of the Bradford method for analysis of BSA 

The calibration curve of absorbance at 595 nm wavelength (Abs) was determined for BSA 

concentrations up to 16 mg∙L−1. Data points were regressed to a 3rd degree polynomial as  

C (mg∙L−1) = 106.5 Abs3 − 16.2 Abs2 + 6.9 Abs + 0.1 (Figure S5). 

 

 
Figure S5. Calibration curve for the Bradford assay analysis of BSA by the absorbance at 595 nm.  
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4. Degradation of coacervate particles under the electron beam of TEM 

All coacervate samples underwent degradation in the electron microscope. This was clearly 

observed with the densest particles by the appearance and growth of white holes that were 

bubbles of degradation products inside particles. This was quite a fast phenomenon occurring 

within a few minutes once the electron beam was focusing on the samples. The growth of gas 

bubbles inside particles deformed them and caused coalescence of particles that were at close 

contact. Most of the particles were at close contact on the TEM grid as a consequence of drying 

the aqueous suspension before TEM observation. That particles appeared aggregated on the 

TEM grid did not indicate any aggregation occurring in the aqueous suspension. Aggregation 

was the consequence of drying the samples. Bubbles disappear after a while because the 

electron microscope works under vacuum, and the holes heal back to recover the initial internal 

density of the particles. 

A typical sequence of particles degradation under the electron beam is shown in Figure S6. This 

compromised a correct tuning of the focus. Thus, focusing was done as fast as possible for 

degradation did not significantly change the morphology of the particles. Alternatively, once a 

precise focusing has been reached on particles undergoing degradation, the electron beam was 

shifted to another part of the sample for a very fast picture of fresh particles could be taken. 

 
Figure S6. TEM pictures of Ch-HMP particles taken at different times under the electron beam. The sample was 

prepared by pouring 50 mL of 1 g∙L−1 Ch solution into 20 mL of 5 g∙L−1 HMP solution, and then diluting the 

suspension of particles to 1/100 with water. The successive pictures show particles at close contact where white 

gas bubbles of degradation products arose and expanded the particles to such a way that they merged into larger 

particles by coalescence. 
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